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Anion Adsorption, CO Oxidation, and Oxygen Reduction Reaction on a Au(100) Surface:
The pH Effect
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The effects of pH on the surface reconstruction of Au(100), on CO oxidation, and on the oxygen reduction
reaction (ORR) have been studied by a combination of surface X-ray scattering (SXS), Fourier transform
infrared (FTIR) spectroscopy, and rotating ring-disk electrode (RRDE) measurements. In harmony with previous
SXS and scanning tunneling microscopy (STM) results, the potential-induced hexagonal (“hex™ tb) (1
transition occurs faster in an alkaline electrolyte than in acidic media. In alkaline solution, CO adsorption
facilitates the formation of a “hex” phase; in acid solution, however, CO has negligible effect on the potential
range of thermodynamic stability of the “hex* (1 x 1) transition. We propose that in KOH the continuous
removal of OHqin the Langmuir-Hinshelwood reaction (C& OH = CO, + H* + e7) may stabilize the

“hex” phase over a much wider potential range than in CO-free solution. In acid solution, where specifically
adsorbing anions cannot be displaced by CO from the Au(100) surface, CO has negligible effect on the
equilibrium potential for the “hex™> (1 x 1) transition. Such a mechanism is in agreement with the pH-
dependent oxidation of CO. The ORR is also affected by the pH of solution. It is proposed that the pH-
dependent kinetics of the ORR on Au(100) can be unraveled by finding the relationship between kinetic rates

and two terms: (i) the energetic term of the Au(16@," interaction determines the potential regions where
the rate-determining step,& e = O,~ occurs, and (ii) the preexponential term determines the availability
of active sites for the adsorption of,Q

1. Introduction AuOH layer. On the other hand, Peck and Mclntire argued that
the higher activity of Au(100) for the ORR was related to the

The correlation between surface structure and reactivity is . L : .
Y 13 dissociative adsorption of HO anions on the 4-fold symmetry

of central importance in surface electrochemistry. In the past _.
decade this correlation has been successfully explored viaS1tes that oceur only on the (1061 x 1) surfz?\ce? Con-
combined electrochemical and surface-science studies on singl&€duently, it was proposed that the change in the oxygen
crystals with different exposed planes. A prime example of the reduction pathway from 4eto 2€.reduct|on might be due to
success is the recent study of fuel cell reactions on platinum the potential-induced reconstruction of thex(11) surface to a
single-crystal surfaceéslust as for the surface processes at the structure similar t.o the “hex” reconst.rucnon found in UHV. The
Pthkl) electrodes, the electrochemical reactions at well- SXS-EC results in referendfamamblguously showed that the
characterized Aunkl) surfaces in an electrochemical environ- (1 x 1) <> “hex” reconstruction is not the dominant mechanism
ment are also dependent on the arrangement of surface atomdor this change in reaction pathway since the transition in
In fact, a direct relationship between the kinetic rates of reduction kinetics occurs over a narrower potential range than
electrochemical reaction and the surface structure of metalthe (1x 1) < “hex” transition. Furthermore, the time constant
electrodes has been found for the ORR on gold single-crystal for the two transitions differs by approximately 2 orders of
surfaceg. In independent studies by two research grotibs, magnitude, with the structural transition being the slower.
the Au(100) surface in alkaline solution was found to be the Another related issue is the observed sensitivity of the “hex”
most active of the low-index faces (by nearly 4 orders of < (1 x 1) conversion to the nature of the electrolyte anions
magnitude) and was reported as even more active than poly-and the adsorption of carbon monoxitiEor example, using
crystalline platinum under the same experimental conditions. STM it has been shown that specific anion adsorption and the
Despite efforts by many research groups to determine the originadsorption of CO shift the onset potential for the “hex’(1
of this catalytic activity3" the reason for this structure x 1) transition and can enhance considerably the conversion
sensitivity remains unclear. Adzic and Markoviported that dynamics. However, while in acid solution anion adsorption
the unique catalytic activity of the Au(100) surface appears only shifts the “equilibrium potential” of the “hex (1 x 1)
in the potential region in which Old is adsorbed on the transition to lower values, the adsorption of CO in alkaline
surface?* On the basis of this evidence it was proposed that solution shifts the transition to more positive potentfals.
the change in the catalytic activity of the Au(100) surface from 1, his paper, we present a combined in-situ SXS/electro-
4e” to 2e reduction was possibly due to the existence of a chemistry study of the Au(100) reconstruction in 0.1 M KOH,
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Besides enabling a comparison to be made between the effec [T T rrTrrr T T T
of CO on the reconstruction in alkaline versus acid solution,
the findings also shed some light on the energetics of the Au (100)

interaction of OH, Cl, and CO with the Au(100) surface in these B (a)
two electrolytes. As part of a detailed study of substratgiayer 298K
structure on Au(100) by SXS, we have also examined the &
interrelationship between the “hex* (1 x 1) transition and
the ORR kinetics in acid and alkaline electrolytes. Some
pertinent observations along these lines, specifically the pH
effect in the catalysis of oxygen reduction and CO oxidation —
reactions on Au(100), are given in this paper.

i [pA/em
|
s

—— 0.1 M KOH
— 0.1 MHCIO,

2. Experimental Section

2.1. Electrochemical MeasurementsThe pretreatment and —
assembly of the Au(100) single crystal (0.283%imto a RRDE [
configuration was described previoushe.g., the crystal was
flame annealed in a propane flame and cooled in an Ar
atmosphere before being mounted in the RRDE setup. Subse-
quently, the electrodes were transferred into a thermostated
standard three-compartment electrochemical cell and immersec
into the Ar-purged electrolyte at~298 K (Ar: Bay Gas
Research Purity0.1 M HCIQ,, 0.1 M KOH: Aldrich Semi-
conductor Graderepared with triply pyrodistilled water) under
potentiostatic control a£0.1 V. The reference electrode was a
saturated calomel electrode (SCE) separated by a closec
electrolyte bridge from the working electrode compartment in
order to avoid chloride contamination. All potentials, however,
refer to that of the reversible hydrogen electrode in the same
electrolyte. The collection efficiency of the RRDE setup was
N = 0.22+ 5%.

2.2. SXS MeasurementsThe general experimental procedure
used in X-ray diffraction measurements of electrochemical
systems has been described in detail in previous artitiés.

As for electrochemical measurements, the crystal (mis€ut®) TR T TR A T O N T
was transferred into the X-ray electrochemical cell. The cell 0.0 0.4 0.8 1.2 1.6

was mounted at the center of a four-circle Huber goniometer

on beamline 7-2 at the Stanford Synchrotron Radiation Labora- E [Vigel

tory (SSRL), using a 10 keV X-ray beam, defined by slits to Figure 1. (a) The CV for a Au(100) electrode in 0.1 M HCJ@nd

be a1 mmx 1 mm spot at the sample. Diffracted X-rays were 0.1 M KOH at 298 K and 50 mV/s; (b) XRV measurements (2 mV/s)
measured by a Ge solid-state detector after passing through &t (0, 0, 1.3), a position on the specular CTR; (c) XRV measurements
Soller slit which defined an in-plane resolution of ca. 0.008.A (2.5 mV/s) close to reciprocal space position (1.2, 1.2, 0.4) at the rotated
The crystal was indexed to the conventional bqlk unit cell for E%aHk ?S(’:g'%?g'l:'rg '21).MBZI(I: Igggglsu?;%tﬁsgn??ﬁ: E)r?:)'(t,',ogngx&l) M
the fcc(100) surface. Further experimental details can be found g face structure.

in the referencé?

2.3. FTIR Measurements.The in-situ FTIR measurements  reference potential in the spectroelectrochemical cell was
were taken with a Nicolet Nexus 670 spectrometer purged with controlled by a RHE.
nitrogen and equipped with a MCT detector cooled with liquid
nitrogen. AII.IR measurementg were performed in a spectro- 3 Results and Discussion
electrochemical glass cell designed for an external reflection
mode in a thin layer configuration. The cell is coupled at its  3.1. Surface Characterization of Au(100) in HCIQ and
bottom with a Cak prism beveled at 60from the surface KOH. The ability to characterize atomic/molecular spatial
normal. Prior to each measurement, a cyclic voltammogram wasstructures and to monitor changes in the local symmetry of
recorded in order to confirm the cleanliness of the electrode surface atoms in-situ under reaction conditions has played an
surface. Subsequently the solution was saturated with CO forimportant part in surface electrochemistry at monocrystalline
at least 10 min, holding the electrode potentiat-@t05 V. The metal electrodes. For example, SXS was used to demonstrate
spectra were recorded with a resolution of 8 émAll that Au(kl) single-crystal surfaces in an electrochemical
measurements were performed using p-polarized light. To obtainenvironment exhibit a potential-dependent reconstruction that
a single beam spectrum 50 scans were collected at eachis unique to the fcc metal surfaée!® The potential range of
potential, resulting in a recording time of 25 s. Absorbance stability of the Au(100) reconstructed surfaces in both alkaline
spectra were calculated as the ratitog(R/Ry) whereR andRy and acid electrolytes is shown in Figure 1 along with the base
are the reflectance values corresponding to the sample andvoltammograms. As shown in Figure la, there are two major
reference spectra, respectively. Reference spectra were recordedifferences between the cyclic voltammetry in alkaline solution
either at 1.5 V 0r—0.05 V, where C@yis completely oxidized with respect to acid media: (i) at lower potentials (& <
and before the onset of G@oxidation, respectively. The 1.2 V) the surface coverage by @Hs higher in alkaline than

(00 1.3)

AN (b)

Intensity [a.u.]

Reconstruction
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in acid solution (ca. 6@C/cn?), and (ii) the onset of a “true” O (degrees)
oxide formation is shifted negatively (by ca. 0.07 V) in the

alkaline solution. This difference can be attributed to the
competitive adsorption of O with anions from supporting

electrolyte, i.e., in perchloric acid solution with GJO'6-17 and

CI~.1819Given that atE < 0.7 V the voltammetry shows the 0.0064
so-called “double layer” structure, the capacitance in this

potential region should correspond exclusively to the charging/

67 68 69 70 Tl 72 73
T 17T 7T 17T 7T 17T 7T 17T 7T 1T T

discharging of the interface. As we discuss in section 3.2, this 0.0060 7
explanation may not be correct, so that in addition to a pure .
capacitive component some faradaic (adsorption) processes ma 0.0086 i

take place even in the “double layer” potential region. Further-
more, this adsorption will have an important role in the

interpretation of potential-induced surface reconstruction, i.e.,
atomic surface arrangement that differs from the ideal bulk & (0072
termination structure.

The potential stability of the Au(100) surface reconstruction
in the electrochemical environment has been studied by cyclic
voltammetry-ex-situ emersion LEED experimett§TM 20-22
and X-ray diffractiont:15 In both acid and alkaline solutions
there is good agreement between the experimental techniques
that the “5x 20" reconstruction is formed at cathodic potentials
and that it can be reversibly lifted and formed upon cycling the
applied potential anodically. The (6 20) reconstruction gives
rise to a hexagonal diffraction pattern in the surface plain of
reciprocal space with the first-order reflections being close to
the “anti-Bragg” positions. Figure 2 displays representative in-
plane X-ray diffraction rocking scans (measured at 0.05 V) in
0.1 M KOH and 0.1 M HCIQ solutions, respectively. In both 0.012 |- ©
cases the scattering due to the reconstructed surface is abser
at higher potentials. In 0.1 M KOH, the scan shows either a 5
single broad peak aligned with the [110] direction to (1.2, 1.2,
0.4), as reported previoushy(Figure 2a), or two peaks rotated

(1.206, 1.206, 0.4)

(arb. units)

0.0066 [~

i

ntens

0.0060 — .
Au (100) L1 1|

v 17 " 1 1 I o LI
(1.206, 1.206, 0.4)

Normalised 1

by 0.75 from the [110] direction (Figure 2b). At this point we 0.011 = * | .°' 7
have no explanation why in alkaline solution under very similar . o N
experimental conditions (i.e., flame annealing procedure, po- L e, o * 0.1 M l-lClO4....-.' . -

tential window of cycling, number of cycles, etc.) the recon-
struction domains are different in two independent measure-
ments. In 0.1 M HCIQ (Figure 2c), however, the scan always
displays two peaks which are rotated ©9.75 from the [110] ¢ (degrees)

direction. Note that althou_gh_the_re Is also rotation in KOH th.e Figure 2. Rocking scans through (a) (1.195, 1.195, 0.4) and (b) (1.206,
peaks are much broader, indicating that the structure in alkaline; 506 0.4)in 0.1 M KOH and (c) (1.206, 1.206, 0.4) in 0.1 M HEIO
solution is more pinned to defects which may hinder the rotation. At these reciprocal space positions, scattering from the reconstructed
We should also note that the results summarized in Figures 1“hex” phase is observed.

were obtained after numerous cycles of the electrode potential

in both electrolytes during which the reconstruction was lifted

and reformed and so the results shown are representative ofhysteresis as the potential is cycled. Previous kinetic studies
true equilibrium conditions. have shown that the reconstruction forms over a time scale of

_ 11 i i i
Of particular interest here are the dynamics of the potential- g_Rloo s: Th: fact tlrt')at ': alkﬁlme soluhtlon the_d"?‘ta ?t thﬁ
induced reconstruction in alkaline media with respect to acidic <= Position, Figure 1b, show the same hysteresis implies that

electrolyte. This information is assessed from a selected number'” this environment the kinetics are controlled by the large-
of results showing the dependence of the X-ray scattering atscale movement of the Au surface atoms rather than any local

two key reciprocal space positions as a function of potential, Ordering effects, which is in accord with corresponding STM
the so-called X-ray voltammetry (XRV). Figure 1c shows a studies of Au(100) reconstructi@dnterestingly, in acid solution
representative results for the intensity dependence at the positiorfn€ shape of XRV curves at the (0, 0, 1.3) and (1.206, 1.206,
of one of the rotated peaks in 0.1 M HCJ@s well as the 0.4) positions is completely different, i.e., while a reversible
intensity dependence at the unrotated peak position in 0.1 M change in scattering intensity is observed at the specular CTR
KOH. Figure 1b shows data for the same solutions obtained at Position, at the reconstruction position there is hysteresis as the
(0, 0, 1.3), a position along the specular crystal truncation rods potential is cycled. Given that the CTR is only sensitive to the
(CTR) where the reconstruction of the surface causes an increasélensity change at the surface it is reasonable to propose that
in the scattered intensity due to the increased density of thealthough specific adsorption of anions acts to catalyze the
surface layer. As illustrated in Figure 1c, due to the slow kinetics mobility of gold surface atoms the formation of uniform “hex”

in the formation of the reconstructed surface, at the sweep ratedomains is not enhanced by this movement. This observation
used in these measurements (2.5 mV/s), there is considerablés consistent with the STM results that the dynamics of

| I TN I TR N TR EN T N T N T |
67 68 69 70 71 72 73
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4 Figure 4. (a) CO stripping curve (50 mV/s) on Au(100) in Ar-purged
2 0.1 M HCIO; solution and CO oxidation (50 mV/s) in CO-saturated
o 0.1 M HCIQO, solution; series of infrared spectra of adsorbed CO (b)
Au (100) and dissolved C®(c) in Ar-purged 0.1 M HCIQ solution at different
potentials, insert of Figure 4c is magnification of the {fands at 0.4
V recorded in a solution free of CO (red curve) and in CO-saturated
I I S N T S N S A solutions (blue curve); (d) the Stark tuning slope for the.£&and.
0.0 0.4 0.8 1.2

transition Ct was intentionally added into 0.1 M HCIO note
E [Viuel that CI- is present as an impurity in perchloric acid at a
Figure 3. (a) CV's for the Au(100) electrode in pure 0.1 M HCIO Concentr?t'on of at least 10M,%4%In the.S?(S-EC measure-
with the addition of 108 M and 103 M CI~ at 50 mV/s, (b) XRV ments (Figure 3) there are two characteristics that represent the
measurements (2.5 mV/s) at (0, 0, 1.3), a position on the specular CTR,effect of CI. The first is that even in the presence of 80
in 0.1 M HCIO; and 0.1 M HCIQ + 103 M CI~. CI~ the pseudocapacitance in Figure 3a increases substantially,
indicating that a true “double layer” does not exist on the
propagation of the reconstruction is faster in alkaline than in Au(100) surface and that adsorption of anions indeed takes place
acid solutior? at very low potentials. Adding 16 M CI~ leads to both further
The driving force for the transition from the reconstructed to increase in the pseudocapacitance and to the development of
(1 x 1) surface was proposed to be either an induced surfacesharp peaks located at0.4 V and~1.1 V. Using coulometry
charge densify or adsorption/desorption of adsorbed spe- study, Lipkowski and co-workers showed that, in solution
ciestt20Considering that the adsorption of ions from supporting containing 103 M CI~, adsorption isotherm of chloridé®x))
electrolyte is closely related to the charge distribution at the on Au(111) exhibits the “S” shape, i.e., initially the anion surface
interface, it is very difficult to resolve this issue; for further concentration changes only slowly with potential then a step
details, readers are referred to specific reviews on reconstructionrise in ®¢ is observed, followed by a third regime of slow
phenomena at metaklectrolyte interface® Nevertheless, increase, where the adlayer packing density is close to satura-
regardless of what triggers the reconstruction, it is obvious that tion.22 The S-shaped adsorption isotherm of Br also observed
the sharp lifting of the “hex” phase is controlled by specific for the Au(100}-Bryy systen?* indicating that potential-
adsorption of anions and the adsorption of hydroxyl species. dependent surface coverage of halides orhiljifollows similar
To further probe the sensitivity of the “hex* (1 x 1) transition adsorption isotherm. As shown by SXS, ordered adlayer
to the nature (coverage) of electrolyte anions, the surface structures on both Au(111) and Au(100) are formed in high
coverage by adsorbates was controlled either directly, by coverage regimé& The second characteristic (shown in Figure
addition of specifically adsorbing anions (§J or indirectly, 3b) is that the addition of I& M CI~ shifts the lifting of the
by consuming the adsorbed species (@it an electrochemical  reconstruction to less positive values, in agreement with the
reaction in which strongly adsorbed OH is removed from the supposition that the “hex¥ (1 x 1) transition is triggered by
surface by a relatively weakly adsorbed reactant such ag.CO specific adsorption of anions. The fact that Cl is strongly
3.2. Adsorbate-Induced Structure Changes3.2.1. Chloride adsorbed on the Au(100) surface (even in “pure” perchloric acid)
Effect.Close inspection of Figures 1b and 1c reveals that specific is important in explaining the strong pH effect in electrocatalysis
adsorption of anions (Cland CIQ) shifts the “equilibrium of the ORR, as will be discussed in section 3.3.
potential of the “hex™> (1 x 1) transition to less positive values 3.2.2. CO EffectThe effect of CO on the thermodynamics
and can enhance the conversion dynamic (i.e., the steep liftingand dynamics of the “hex” structure in KOH was previously
of the reconstruction in Figure 1c). To confirm that the presence studied by STM. In contrast to the effect of anionic adsorbates
of strong chemisorption can facilitate the “hex* (1 x 1) such as hydroxide and Clconsidered above, CO acts, quite
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Figure 5. (a) The CV (50 mV/s) for a Au(100) electrode in 0.1 M KOH between 0 and 1.2 V along with a polarization curve for CO oxidation
in CO-saturated 0.1 M KOH solution; (b) the “hex”-f4 1) reconstruction transition (2.5 mV/s) in 0.1 M KOH with and without CO added,; (c)
CV’'s (50 mV/s) in 0.1 M HCIQ without rotation and at 1600 rpm, along with the polarization curve for CO oxidation in CO-saturated 0.1 M
HCIO, solution; (d) XRV measurements (2.5 mV/s) at (0, 0, 1.3), a position on the specular CTR, in 0.1 M Wi@iGut and with CO added to
solution.

remarkably, to catalyze the formation of uniform “hex” domains. and the onset of CO oxidation (the production of £Onder
In this section, we report a complementary examination by SXS the same experimental conditions are established by FTIR. A
of the Au(100) reconstruction in both alkaline and acid solutions. relatively weak, yet readily discernible, <O stretch is observed
Besides enabling a comparison to be made between the “hex”at 20012030 cnt?. This feature is consistent with the presence
< (1 x 1) transition in alkaline solution with respect to acidic of bridge-bonded CO (i.e., coordinated to two gold atoms). The
media, the results shed light on the surface energetics of Stark tuning slope of 40 cmt V1 is also depicted in Figure
coadsorbed CO, Ofd and Clg. 4d. To the best of our knowledge, the potential-dependent
Figure 4a shows a representative CO stripping curve and COsurface infrared spectra for CO on Au(100) in HGltave not
oxidation current recorded in solution saturated (1 atm) with been reported previously. Figure 4c shows that oxidative
CO. To ensure the complete poisoning of the electrode surfaceremoval of CO from the Au(100) surface, established by
with CO prior to recording the oxidation currents, the electrode monitoring the concomitant development of-G—0O stretch
potential was held at 0.0 V (the immersion potential) for 5 min of dissolved CQ at 2343 cm?, starts at 0.7 V. Clearly, the
at a rotation rate of 2500 rpm. To emphasize the onset of CO decrease in the CO intensity Bt= 0.7 V is mirrored by the
oxidation, only a part of the CO polarization curve is shown; onset of adsorption of OH on gold polycrystalline electrode in
polarization curves for CO oxidation over a wide potential region 0. M HCIO4 1728 and appearance in G@roduction in Figure
are shown in Figure 5. For the anodic stripping voltammetry 4c, consistent with the LangmutiHinshelwood (1--H) mech-
CO is adsorbed in CO-saturated solution followed by purging anism for CO oxidation, i.e.,
the solution with Ar. Upon sweeping the potential positively
from 0.0 V the onset of CO oxidation commences at ca. 0.65 CO,y+ OH 4 =CO,+H + e (1)
V, forming first the pre-ignition wave over the potential range
of 0.65 V—0.8 V. Above 0.8 V the stripping voltammogram is Further insight into the CO oxidation reaction was obtained
characterized by a sharp peak centered at 0.9 V. The chargedy close inspection of the onset potential for CO stripping with
under the stripping peak is ca. 37&/cn?, indicating that respect to bulk oxidation. Two examples illustrated in Figure 4
almost a full monolayer of CO is adsorbed on the surface. The show that the onset potential for pure CO oxidation §CO
assessed charge is much higher than the fractional coverage (cgroduction in Figure 4c and the current for CO oxidation in
0.1 ML) extracted from the quantity of G@roduced upon CO  Figure 4a) is shifted negatively by ca. 0.3 V with respect to the
electrooxidation on Au(21Cf?" Rather than debate these stripping curve, consistent with the positive reaction order.
differences, the interested reader is referred to the original Closely following our discussion for electrooxidation of CO on
references for details. The successive negative going sweep andPt(hkl),! we propose that in CO-saturated solution a high surface
the second cycle traced accurately the base voltammogram ofcoverage state of CO, which is created by the “crowding” of
clean Au(100), attesting to the complete removal of CO from the surface with CO that reduces its adsorption energy via CO
solution by Ar. The binding site occupancy of CO on Au(100) CO repulsion, is more reactive than relaxed CO layer created
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in CO stripping experiments. Therefore, even for the same appearance of pseudocapacitance at 0.5 V, which most likely
coverage of OH, the closely packed CO adlayer is more reactivecorresponds to an Qkllayer formation on the “hex” surface.
than the relaxed state, and thus is oxidized from the surface atThis supposition is plausible since the onset of CO oxidation
lower potentials. Notice that the rate of reaction 1 at low on this surface (Figure 5a) coincides with the formation of this
overpotentials is very low (from Figure 4a, @0.5 V cau®D pseudocapacitance. At more positive potentials the rate of CO
cmP), suggesting that the surface coverage by oxygenated speciesxidation increases sharply reaching a diffusion limited value
between 0.4< E < 0.7 V is indeed small. Nevertheless, these at 0.8 V, which above 1.25 V is attenuated rapidly due to
results indicate that the real onset potential for OH adsorption significant oxide formation. Further inspection of Figures 5a
is at 0.4 V rather than at 0.7 V, as determined by surface- and 5b reveals that the addition of CO leads to a significant
enhanced Raman scattering measurentéitdhe same effect  (ca. 0.3 V) positive shift in the thermodynamic potential for
is observed in alkaline solution (results not shown), suggesting the “hex” <= (1 x 1) transition. In agreement with the STM
that the sign of reaction order of CO oxidation on Au(100) is results, SXS measurements confirm that adsorbed CO on
pH-independent. Edens et al. found the kinetics of CO oxidation Au(100) in alkaline solution indeed acts to catalyze the
display essentially a first-order dependence in 0. formation of uniform hexagonal domains. This observation is
The kinetics of CO oxidation are, however, strongly pH notable in that the adsorption of CO on Pt(100) in a vacuum is
dependent, as demonstrated in Figure 5. A notable feature isknown to “lift” the hex phasé? To rationalize this apparently
that the kinetics in alkaline solution (Figure 5a) are faster than opposite behavior we have previously suggested that the nature
in acid media (Figure 5c). If the-tH mechanism is operative, ~ 0f the driving force responsible for the enhanced reconstruction
higher catalytic activity in the alkaline solution (evidenced by 0f Au(100) in the presence of CO is an increase in the potential
the lower CO oxidation onset potential, which is in Figure 5 of zero charge for Au(100) upon CO adsorption. Alternatively,
marked with dashed red lines) implies that the surface coveragea more plausible explanation is that the continuous removal of
by OH is larger in alkaline than in acid solution. In acid solution, OHagin the L—H reaction may in fact stabilize the “hex” phase
where there is strong competition between OH and anions for over a much wider potential range than in CO-free alkaline
the Au sites, the surface coverage by OH is significantly reduced solution. Such a mechanism would correlate nicely with the
with respect to alkaline solution and thus the kinetics of reaction weak adsorption of CO on Au surfac€si.e., the Au(100)-
1 is strongly inhibited at low pH. The explanation, therefore, OH interaction is much stronger than the Au(16Q)0 inter-
for the remarkable effect of pH on the rate of CO oxidation on action. The weak interaction of CO with gold is well established
Au(100) is the “pH-dependent” adsorption of OH. At this point at the gold-gas interfacé? it is found that although oxidation
it is appropriate to note that other research groups have proposedo form CQ does proceed at room temperature, CO exhibits
different models for the pH-dependent kinetics of CO onhki)( only very weak adsorption.
surfaces. For example, in analogy with CO oxidation in  In acid solution, however, CO has negligible effect on the
homogeneous solutions, Weaver and co-workers suggested thgsotential range of thermodynamic stability of the “hex” (1
pH-dependent kinetics behavior is consistent with a reaction x 1) transition, i.e., in Figure 5d XRVs at the (0, 0, 1.3) position
pathway featuring the involvement of an adsorbed hydroxycar- are almost the same in solution with or without dissolved CO.
bonyl intermediate. While at higher pH values hydroxylcarbonyl These results provide very important information on the
is formed by OH discharge onto adsorbed CO sites, at lower energetics of the Au(108)%adsorbate interaction and also help
pH water rather than OHis becoming the preferred reactant. to develop an understanding of quite intriguing promotion of
Again, rather than debate interpretation here, the interestedthe reconstruction in alkaline solution saturated with CO. The
reader is referred to the original reference for detils. fact that the thermodynamic and dynamic properties of the “hex”
In the previous STM study it was found that the presence of phase are unaffected by adsorbed CO are in agreement with a
adsorbed CO can alter the potential-dependent thermodynamicsveak Au(100)-CO interaction. Furthermore, previous sugges-
(shifts the “hex™< (1 x 1) transition positively) as well as the  tions that the increase of potential of zero charge induced by
dynamics (the “hex” phase develops rapidly) of Au(100) CO adsorption in alkaline solution is responsible for the
reconstructiorf. Parallel electrochemical (Figure 5a) and SXS enhanced formation of “hex” domaifiss not plausible since
(Figure 5b) measurements support directly the involvement of no change in the nature of the “hex* (1 x 1) transition is
adsorbed CO in this surprising phenomenon. As discussedobserved in Figure 5d, although CO is indeed adsorbed on the
above, in alkaline solution free of CO, a reproducible XRV at Au(100) surface (as shown in Figure 4). On what basis, then,
the (1.206, 1.206, 0.4) position was obtained after five cycles can apparent opposite behavior observed for the “kexX1 x
of the electrode potential (a sweep rate of 2.5 mV/s) between 01) transition in acid versus alkaline electrolytes be rationalized?
< E < 1.2 V. Notice that the surface reconstruction of Au- One relevant factor is that in contrast to alkaline solution the
(100) starts as low as at 0.5 V. Figure 5a shows cyclic kinetics of the |—H reaction in acidic media are not governed
voltammograms obtained under similar conditions, but in the only by the surface concentration of g{and OHg, but also
electrochemical cell. The first sweep recorded with 50 mV/s are strongly affected by a delicate balance between the coverage
shows a characteristic shoulder at 0.9 V which is followed with of CO,q, OHaq and a third party (spectator) species, viz., the
a sharp peak appearing at about 1.0 V during the positive goinganions from supporting electrolytésln alkaline solution, OH
sweep. This peak was suggested to be a fingerprint for the anions are botheactantand spectator species, the latter being
potential-induced lifting of the reconstructi8iny analogy with OHag Which is not consumed in reaction 1. In acid solution at
related peaks observed in acidic me#fi&Given that at 1.0 V low overpotentials OH is most likely replaced from the active
the surface is already half reconstructed, it appears that althougtsites by specifically adsorbing anions (GIQ CI7) and thus
there is nodirect correlation between the sharp peak and the the onset potential for the oxidation of CO in 0.1 M HGIO
onsetof surface reconstruction the pseudocapacitance feature(Figure 5c) is shifted ca. 0.2 V positively from that observed in
at 1.0 Vis indeed associated with the “hex’(1 x 1) transition. 0.1 M KOH (Figure 5a). In accord with the kinetics of CO
Further analysis of the XR¥CV results unambiguously shows  oxidation, the pronounced pH effect on the surface reconstruc-
that the “hex” < (1 x 1) transition is triggered by the tion of Au(100) in solution containing CO can be understood



pH and Anion Adsorption, CO Oxidation, and ORR on Au(100) J. Phys. Chem. B, Vol. 108, No. 2, 200831

—r1rr 1y rrr [ 115 r ] 51T 1-1] 1.2 T T T T
— ] i B"n,: 217107 mA |'|lrr1'J'5
Au (l 00) —_ @ 046 Vi
- "g 0.8 |- - =
298 K ‘é I @ | B
N’E =04 @08V =
Q -
i B 4.5%107 mA rpm'o"-
:- 0.0 1 | 1 1 1
— 0 2 4 6
—— 0.1 M KOH @S [10? rpm 9] i, [ma/em’]
— 01M HC]O.; Figure 7. (a) Levich-Koutezki plots, (b) Tafel slopes extracted from

the polarization curves in Figure 6.

experimental values of Bc= 2.1 x 1072 mA rpm 25 in acid

and Bg = 4.5 x 102 mA rpm~°2in alkaline solution, evaluated
from Figure 7a, agree well with the theoretical values of 8¢
2.2x 102 mA rpm % and Bg = 4.4 x 1072 mA rpm % for

2e” and 4e reduction, respectively, using literature data for
0> solubility, viscosity, and oxygen diffusiott:3> Figure 7b
shows the Tafel plots of mass transport corrected currents at
Au(100) in both electrolytes. Depending on the fitting method,
i.e., the method of drawing the tangent through the points of
B - what appear to be continuous curve, one might extrapolate any
Tafel slope between 85 and 135 mV dédn our case-we
somewhat arbitrarily fitted the curves with a single slope of ca.
125 mV dec? in acid solution and ca. 90 mV detin alkaline
solution. On the basis of these values we suggest that the transfer
of the first electron is the rate-determining step in both
electrolytes. Notice, however, for the first electron transfer as
the rate-determining step the “ideal” Tafel slope at 298 K should

1
[
|
|

iy, [mA/em’]
IS

I

|

i 1600 rpm - be 118 V dec!. Further analysis of Figure 7b shows a large
P I S N T T SN T T N N S S S N M variation in activity between these two electrolytes, with the
0.0 0.4 0.8 1.2 1.6 activity in HCIOy solution being nearly 4 orders of magnitude
lower than in KOH at the same potential vs RHE. Despite

E Vil considerable effort by many research groups to determine the

Figure 6. (a) CV'’s for the Au(100) electrode in 0.1 M HCl@nd 0.1 origin of these differences, the reason for this remarkable pH-
M KOH, (b) ORR (bottom part) and peroxide oxidation (upper part) sensitivity remains unclear. In the following discussion we
currents in the same solutions at 1600 rpm. Sweep rate (50 mV/s).  gemonstrate that the key to understanding the oxygen reduction
kinetics at the Aurliquid interface is to be found in understand-
as a pH-dependent surface coverage by anionic species. Whildng the interplay between the energetic properties of the substrate
in alkaline solution the “hex*> (1 x 1) transition is determined ~ and the ability ofmetalsurface atoms to adsorb moleculag O
exclusively by surface coverage of @Hin acid solution the and the reaction intermediates. Kinetic data assessed from

equilibrium potential for this transition is controlled by the Figures 6 and 7 revealed that a series pathway via an peroxide

surface coverage of CIO and CI, as well as that of OH intermediate formation is operative for the ORR on Au(100) in
Taking into account that specifically adsorbing ani@asnot the entire pH range, i.e.,

be displaced by CO from the Au(100) surface, i.e., the-Au .

CO interaction is weaker than the AClyq interaction, the 0, —> 0,,, ©= H,0,,, —> H,0

absence of CO effects on the restructuring may well be attributed W "

to high surface coverage with CJOand CI even at relatively
low potentials. This, in turn, will have a considerable effect on

the pH-dependent kinetics of the ORR. Thi . h b idered ial f
3.3. ORR on Au(100) in HCIO, and KOH: Origin of the is reaction scheme can be considered as a special case o

the general mechanism in which there is no splitting of thedD
|bond before a peroxide species is formegeroxide, on the

H,0,

pH Effect. The electrochemical reduction of oxygen and
hydrogen peroxide on gold single-crystal electrodes are typica
reactions that show both a pronounced pH effect as well as a°ther hand, may or may not be further reduced to water. In
considerable structure sensitivityzigures 6a and 6b show the either case, the rate-determining step appears to be the addition
voltammetry of Au(100) in oxygen-free 0.1 M HCJ@nd 0.1 of the first electron to @

M KOH solutions (a) and, correspondingly, the ring-disk kinetic - e

data for the ORR (b). The Levich plots, summarized in Figure Ozt € =0, (E°=—0.3V+ AG,{F vs. SHE) (2)

7a, yield straight lines with intercepts corresponding to the

kinetic currents, in acid solution at 0.46 i,= 2.74 mA cnt? The rate expression is thén,
and in alkaline solution, at 0.8 iy = 10.93 mA cm?. The . <
slope of the straight lines, “the so-called B factor”, allows one | = NFKco(1 — YO,9)" exp(~SFE/RT) exp(~AG,*/RT)

to assess the number of electrons involved in the ORR. The 3)
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wherei is the observed current,is the number of electronk N N N N S R R
is the rate constantp, is the concentration of £In the solution, 20} @ ]
O4qis the total surface coverage by anioufiong and OHyg ;
(®on,y), X is the order of activity of Au sitesy is the number :
of Au sites blocked by spectator specids,is the applied i
potential AGy" is the standard activation energy®ys" = AGy' :
+ yrB4y), B andy are the symmetry factors (assumed to be
1/2), andr is a parameter characterizing the rate of change of
the apparent standard free energy of adsorption with the surface
coverage by adsorbing species. In deriving eq 3, it is assumed
that the reactive intermediates, {Q4y and (HQ )a.q are <
adsorbed only to low coverage, .i.¢hey are not a significant @
part of @44 In the following sections, this reaction pathway
and rate expression are used to analyze the effects of various
factors on the kinetics of the ORR on the Au(100) surface.
3.3.1. Energetic Effects: ThAG Term. Most available
experimental data concerned with the heats of adsorption of
oxygen on metal surfaces has unambiguously showed that in
UHV molecular oxygen does not spontaneously chemisorb on

gold single crystal3%-38 How is it then possible to have even -4+ : -
a 2e reduction on Aulikl) surfaces in electrolyte? Very 18 ! .
recently, we used a computational approach in order to assest _—jgl—L—L 1L 11 & 1 1 1 | 1 1 1 11 1 1 |

-2 -1 0 1 2 3 4 5 6 7 8 ¢ 10 11 12 18 14 15 18

the quantum chemical nature of the adsorpticre@d Q~ on
a single Au atom, simulating adsorption in reaction 2. These ) B o ) ]
density functional theory (DFT) calculations have provided Figure 8. Modified Pourbaix diagram for hydrogen peroxide with the
. luable information to complement and correctly interoret equilibria for the superomde/oxy_gen_ reaction (labeled 6 in the diagram)
invalua comp Yy INBIPret 5 4ded. Other notations for equilibria as in ref 41.

experimental data. For instance, by closely examining the

evolution of the molecular orbital character as &nd G~ O, energetics are too weak to break the-O bond in acid
approaches the Au atom it was found that whilg ddesnot solution and the ORR in 0.1 M HClOfollows the serial

interact with Au, the superoxide radical anionGnteracts pathway in which the final product is 4, (Figure 6). It is
weakly with Au. Even though the adsorption energy ef ©n important to emphasize, however, that in real systems the ORR
Au is weak and slightly positiveAG = 0.25 eV), itwas evident  roceeds not on pure metal surfaces but rather on a metal
from the energy correlation diagram and the molecular orbital gjectrode which is modified with coadsorbed anions, water and
diagram that there exists some interaction through the Ay 5d - pydroxyl species. Bearing this in mind, the present (admittedly
and Q" 2 in the form of a polarization or image chare.  gimpiified) approach appears to capture only a part of the origin
Extending this phenomenon to reaction 2, it appears that the of the pH effects. Therefore, to fully unravel the puzzle of the
first electron transfer and the formation of the Gstate must pH-dependent kinetics of the ORR on Au(100) it is necessary
be an inner sphere reaction where an interaction energy betweerq fyrther analyze the pH-dependent adsorption of spectator
both the neutral @molecule (the initial physisorbed state) and  species and the contribution of {1©4) term to the pH effects.

the G~ anion (the final weakly chemisorbed state) leads to an 3.3 2. Anion Effects: The (* O Term. It is now well
adsorbedntermediate state with the energy of adsorption (the estaplished that the kinetics of hydrogen reaction and the
AG term in eq 3) which may affect the reversible potential for oxidation of CO on metal electrodes are pH-dependent pro-
the rate-determining step in eq 2. These findings may indeed cessed From carefully selected experiments, we have recently
provide the answer to the above question: Au can reduce O presented an argument that the pH-dependent kinetics of these
to peroxide and/or OHsimply because the chemisorbed species two reactions on Pt may, in part, arise from the pH-dependent
is not G, but rather @~ . Note that because™Hs not involved adsorption of hydroxyl species and specifically adsorbing anions,
in the rate-determining step, the rate of reaction 2 will not je. from the (1- ®,9 term in eq 3. Along the same lines, we
depend on pH. The reactions following the rate-determining step, will demonstrate that the (+ ©a.9 term may indeed play a
however, e.g., protonation to form peroxide, are pH dependent, very important role in the pH-dependent kinetics of the ORR
but as long as reaction 2 is the rate-determining step the on Au(100). In 0.1 M HCIQ, ©,qis determined by the surface
reversible potential for reaction 2 will be pH independent. This coverage of Ol (®on), specifically adsorbed perchlorate

is illustrated more graphically in the modified Pourbaix diagram anions ®cio,), and specifically adsorbed chloride anions
for hydrogen peroxide in Figure 8. Hence, because of the overlap(Q¢; ), i.e., @ad = Oom,, + Ocio, + Oci). In 0.1 M KOH,

in the equilibrium potentials of peroxide and superoxide at pH however,®4qis determined exclusively by the surface coverage
= 14, no strong interaction of O with Au(100) is required of hydroxyl species, i.eQa4= Oon. In section 3.2.2, we used
and thus the surface reduces oxygen to either peroxide or OH the CO oxidation reaction as a probe to determine the onset of
(Figure 6). At pH= 0 the overpotential is very large, increased OH adsorption. Surprisingly, it was found that OH is indeed
by essentially 0.05% 14 V ~ 0.94 V because the thermody- adsorbed at rather low potentials in both alkaline as well as
namic potential has shifted by 0.84 V positively but the acid media. Given that the surface coverage by OH is higher in
reversible potential for the rate-determining step (eq 2) has not. the former media it was suggested that OH adsorption in HCIO
Therefore, at pH= 0 only surfaces with strong chemical is always in competition with adsorption of CJOand Cr.
interaction of Q™ (viz., Pt-group metals) can reduce oxygen to This competitive adsorption has an important and generally
peroxide and even stronger interaction is needed to reduceadverse effect on the adsorption of @nd the formation of
oxygen to water at low overpotentials. Clearly, the Au(t00) active intermediates and, thus, on the pH-dependent kinetics of
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Figure 9. (a) CV's in 0.1 M HCIQ, and in 0.1 M HCIQ + 107 M

Cl~, with corresponding ORR polarization curves obtained at 1600 rpm,
(b) the CV's in 0.1 M CHROsS and 0.1 M HCIQ (added for
comparison) with ORR polarization curves. Sweep rate (50 mV/s)
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the ORR. As illustrated in Figure 6, in 0.1 M KOH the ORR
reaction occurs concurrently with the reduction of the hydroxyl
layer. In 0.1 M HCIQ, however, desorption of Of is
accompanied with simultaneous adsorption of £l@nd CI
anions, which in turn will block the active metal sites required
for the rate-determining step to occur; so the kinetics of reaction
3 is controlled through the (+ B4 term. Additional evidence
that the kinetics in HCI®is controlled by the surface coverage
of Claqcan be found in Figure 9. Figure 9a shows that the ORR
on the Au(100) surface in 0.1 M HCIO+10®% M CI™ is
inhibited, with the activity in solution containing Cbeing ca.

2 times less than in 0.1 M HCIO This is in line with the
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Figure 10. (a) Tafel slopes extracted from polarization curves for ORR
from (Figure 9a) and (Figure 9b), (b) kinetic currents (corrected for
diffusion) for ORR at 0.4 V.

suggest that even in “ultrapure” CHiBsS solution Cf is present

at a trace level €10 M). This is clear from the cyclic
voltammetry of Au(100) in CHEOsS, which shows a rather
sharp peak at 0.4 V for GJ as would be seen for g Finally,

we note that the percentage of peroxide produced during the
ORR (not shown) in all three electrolytes is the same and is
close to 100%. Additionally, a single Tafel slope of ca. 125
mV/dec (Figure 10a), inferred from current densities corrected
for diffusion resistance, are observed irrespectively of the nature
of solution. As discussed before, this Tafel slope is characteristic
for the first charge-transfer step as the rds (eq 2) under
Langmurian conditions of adsorption of,O and reaction
intermediated4® Taken together, it is reasonable to suggest that
in all three electrolytes the reaction mechanism of the ORR on
Au(100) is the same (“serial” Zereduction pathway) and that
the kinetic differences are contained in the preexponential
(1 — ©4) term.

4. Conclusions

The effects of pH on the surface reconstruction of Au(100),
on CO oxidation, and on the oxygen reduction reaction (ORR)
have been studied by a combination of SXS, FTIR spectroscopy,
and RRDE measurements. In agreement with previous SXS and
STM results, the potential induced “hex* (1 x 1) transition
occurs faster in an alkaline electrolyte than in weakly adsorbing
acidic media. In alkaline solution CO adsorption facilitates the
formation of a “hex” phase because the continuous removal of
OHagin the L—H reaction may in fact stabilize the “hex” phase
over a much wider potential range than in CO-free alkaline
solution. Such a mechanism correlates nicely with a weak Au
CO interaction, i.e., the Au(106)0OH interaction is stronger
than Au(100y-CO interaction.

In acid solution, however, CO has negligible effect on the
potential range of thermodynamic stability of the “hex” (1
x 1) transition. The apparent opposite behavior observed for
the “hex”<> (1 x 1) transition in acid versus alkaline electrolyte

secondary structure sensitivity observed in gas-phase catalysisyas rationalized by the fact that in contrast to alkaline solution,
where some secondary process in the reaction mechanism leadthe kinetics of the EH reaction in acidic media are not
to site blocking. governed only by the surface concentration of£&hd OHg,

To avoid specific adsorption of anions the ORR was also but also are strongly affected by the delicate balance between
performed in a so-called “nonadsorbing” electrolyte such as the coverage of C{Q OH,q and a third party (spectator) species,
trifluoromethane sulfonic acid (GBOsH). The cyclic voltam- viz., the anions from supporting electrolytes. While in alkaline
mogram along with the polarization curve for the ORR on solution the “hex™> (1 x 1) transition is determined exclusively
Au(100) in 0.1 M CEBSOsH is shown in Figure 9b and compared by surface coverage of QHlin acid solution, the equilibrium
with the corresponding results in HG{CBurprisingly, the ORR potential for this transition is controlled by the surface coverage
in “non-adsorbing” electrolyte is inhibited even more than in of ClO,~ and CI as well as that of OH. Taking into account
HCIO,4 containing 10%° M Cl—, with an activity in 0.1 M that specifically adsorbing aniomsnnotbe displaced by CO
CRSOsH electrolyte being ca. 5 times lower than in 0.1 M from the Au(100) surface, i.e., the AACO interaction is weaker
HCIO, (Figure 10b). The results for the ORR reaction, therefore, than the Au-Claqinteraction, the absence of CO effects on the
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restructuring in acid solution is attributed to a high surface
coverage with spectator species even at relatively low potentials.

Blizanac et al.

(14) Lucas, C. A.; MarkovicN. M.; Grgur, B. N.; Ross, P. N., J&urf.
Sci.200Q 448 65-76.
(15) Ocko, B. M.; Wang, J.; Davenport, A.; Isaacs,Phys. Re. Lett.

Finally, we propose that the puzzling pH-dependent kinetics 1990 65, 1466-1469.

of the ORR on Au(100) can be understood by discussing the

(16) Ataka, K.; Yotsuyanagi, T.; Osawa, M. Phys. Chen003 100,

relationships between the kinetic rates and two terms: (i) the 10664-10672.

energeticAG term, which is determined by the energetics of
the Au(100)-O interaction and is controlling the value of
the reversible potential for the rate-determining steptCe =
O, and (i) the preexponential (+ ®,9 term which is
controlling the availability of active sites for the adsorption of
O, and the reaction intermediates.
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